Abstract-An active snubber cell is proposed to contrive zerovoltage-transition (ZVT) pulsewidth-modulated (ZVT-PWM) converters. Except for the auxiliary switch, all active and passive semiconductor devices in a ZVT-PWM converter operate at zero-voltage-switching (ZVS) turn on and turn off. The auxiliary switch operates at ZVS turn off and near zero-current-switching (ZCS) turn on. An analytical study on a boost ZVT-PWM converter with the proposed active snubber cell is presented in detail. A 750-W 80-kHz prototype of the boost ZVT-PWM converter has been built in the laboratory to experimentally verify the analysis. Six basic ZVT-PWM converters can be easily created by attaching the proposed active snubber cells to conventional PWM converters. A detailed design procedure of the proposed active snubber cell is also presented in this paper.
I. INTRODUCTION
P ULSEWIDTH-modulated (PWM) converters have been widely used in the industry. The PWM technique is praised for its high-power capability and ease of control. Higher power density and faster transient response of PWM converters can be achieved by increasing the switching frequency. However, as the switching frequency increases, so do the switching losses and electromagnetic interference (EMI) noises. High-switching losses reduce the power-handling capability, and serious EMI noises interfere with the control of PWM converters.
Switching losses and EMI noises of PWM converters are mainly generated during turn-on and turn-off switching transients. According to [1] , there are three different nonideal commutation phenomena when MOSFET's are used as power switches.
1) A surge current flows through the MOSFET caused by the reverse-recovery current of the freewheeling diode during turn-on process. This is the dominant part of switching losses and the EMI noise source. 2) Discharge of the parasitic drain-source capacitance of the MOSFET during turn-on process. This mechanism can be reduced only by resonant converter techniques or active snubbers. 3) Fast increase of the drain-source voltage during turnoff process. This is the source of EMI noise and turn-off loss. Resonant converters [2] - [4] commutate with either zerovoltage-switching (ZVS) or zero-current-switching (ZCS) to reduce switching losses and EMI noises. Physical size and Manuscript received July 7, 1997; revised February 11, 1998 . Recommended by Associate Editor, K. Ngo.
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Publisher Item Identifier S 0885-8993(98)06478-3. circuit cost are also reduced due to higher operating frequency. However, a wide switching-frequency range is almost inevitable due to wide load range. The design of EMI filter and control circuit is therefore hard to be optimized. Conduction losses are also increased due to high circulating current involved.
A few zero-voltage-transition (ZVT)-PWM and ZCT-PWM techniques were proposed in recent years to combine desirable features of both the conventional PWM converters and resonant converters [5] - [12] . They are generally implemented by adding active snubbers, which employ resonant techniques, to the conventional PWM converters. Switching losses and EMI noises are reduced because the converters operate at either ZVS or ZCS. However, hard switching still applies to auxiliary semiconductor devices in some active snubbers. Hard switching of these auxiliary components still generates substantial switching losses and EMI noises. By utilizing the body diode of the auxiliary switch, a series of ZVT-PWM converters are proposed to turn off the auxiliary switch under ZVS [10] - [12] . Soft switching can apply to semiconductor devices in not only the original converters, but also the snubber cells. By using similar resonant topologies, the active snubber cell presented in this paper can be seen as a modification of this series of converters. As an example, a study of a boost ZVT-PWM converter equipped with the proposed snubber cell is investigated in depth. Steady-state operation analysis and relevant equations are presented in detail. Following the design procedures presented, 750-W 80-kHz 200-V dc-input and 400-V dc-output prototypes can be built to verify the analysis. Other basic ZVT-PWM converters equipped with the active snubber cells are also illustrated in this paper. Fig. 1 . Body diodes and of and are also utilized in this converter.
II. THE ZVT-PWM BOOST CONVERTER

A. Circuit Operation Analysis
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To analyze the steady-state operations of the circuit shown in Fig. 1 , the following assumptions are made during one switching cycle.
1) The output capacitor is large enough to assume that the output voltage is constant and ripple free. 2) Input voltage is constant. 3) Main inductor is much greater than resonant inductor . 4) The voltage of the resonant capacitor and the current of the resonant inductor are both zero before the auxiliary switch turns on. 5) Before , switches and are both off and diode is on, and it is identical to the normal turn-off operation of a boost circuit. Based on these assumptions, circuit operations in one switching cycle can be divided into eight stages, which are shown in Fig. 2(a)-(h) , respectively.
Stage 1 [Fig. 2(a):
]: The auxiliary switch turns on at . During the turn-on process of , injected charges in the low-doped middle region of diode cause transient reverse-recovery current flowing reversely through diode . Growth rate of the reverse-recovery current is restricted by the resonant inductor to suppress the switching loss and EMI noises. Since growth rate of discharge current of the parasitic drain-source capacitance is not restricted by the inductor , commutates near ZCS turn on. Current of and voltage of are given by
where (7) where (8) (9) (10) (11) (12) Peak drain current of switch is also the peak resonant inductor current . appears when , and it is given by (13)
]: is discharged to zero, and the body diode of , , is turned on at . can turn on under ZVS after . Since the voltage across is equal to , has a negative slope. To achieve ZVS, should also turn on before turn off of , which occurs when decreases to . Circuit operations are not influenced by if the above criteria are satisfied. In this stage, growth rate of is determined by the resonance between and . and are given by
where (16) (17) The energy-recovery process of the snubber is finished when is turned on at . After that, flows through instead of to prevent from being charged again.
is also turned off under ZVS. Circuit operations are identical to the turn-off state of a conventional PWM boost converter. Voltage of and current of are both zero after , and the assumption previously made is proven to be valid. It is back to stage 1 when the auxiliary switch turns on again at in the next switching cycle. Through the analysis presented above, key waveforms of the proposed boost ZVT-PWM converter can be plotted as shown in Fig. 3 .
B. Basic Features of the Converter 1) Soft Switching for All Semiconductor Devices:
In some of the ZVT-PWM converters, soft switching only applies to original semiconductor devices. The auxiliary transistors and diodes still generate considerable switching losses and EMI noises. To overcome this disadvantage, a series of ZVT-PWM converters, including the proposed one, attempt to turn off the auxiliary switch under ZVS by utilizing the body diode of the auxiliary switch [10] - [12] . In the proposed ZVT-PWM converter, except that suffers from the discharge of the parasitic drain-source capacitor during turn on, all semiconductor devices operate in either ZVS or ZCS during both turn on and turn off. Compared with the hard-switching counterpart, the turn-on loss of is also reduced since a smaller MOSFET with a smaller parasitic drain-source capacitance can be used to handle lower rms current [13] . Switching losses and EMI noises are minimized by the active snubber cell.
2) Turn-On Current Spike and Current Stress of the Main Switch:
The auxiliary switch in the proposed ZVT-PWM converter turns off under ZVS because its body diode is already conducting. The penalty is the turn-on current spike of the main switch . The turn-on current spike is approximately twice of the main inductor current during turn on. However, since the main inductor current is lower during turn on and higher during turn off, current stress is not invariably doubled by the current spike. For example, if the main inductor current ripple is 33.3% as shown in Fig. 4(a) , it means that the main inductor current during turn off is twice as that during turn on. In other words, the magnitude of the turn-on current spike is the same as the current during turn off. Actually, current stress of is not influenced by the turn-on current spike if the main inductor current ripple is more than 33.3%, such as in the discontinuous conduction mode as shown in Fig. 4(b) .
Minimum current stress appears when the main inductor is selected to make the main inductor current ripple 33.3% at full load. In this case, it can be seen from Fig. 4 (a) that current stress of main switch is only 133% of the average main inductor current. It is much lower than in the discontinuous conduction mode where the current stress of is over 200% of the average main inductor current as shown in Fig. 4(b) .
3) Inherently a PWM Converter: Since the proposed snubber is activated only during short turn-on and turn-off ZVT transient, the ZVT-PWM converter is identical to a common PWM converter during most of the time. Common PWM control strategies can be directly applied to the ZVT-PWM converters. The design of an EMI filter is also easily to be optimized due to constant-switching frequency.
4) Robustness for Wide Line and Load Ranges:
One drawback of resonant converter techniques is that soft-switching condition is strongly dependent on the load current and the input voltage. At light load, ZVS is usually difficult to maintain since the energy stored in the resonant inductor is not sufficient to completely discharge the resonant capacitor prior to turn on of the active switch. ZVS is also difficult to achieve at high line, since it needs more energy to discharge the resonant capacitor. Although losing ZVS at light load or high line does not cause serious thermal problems, the resulting EMI noises may be intolerable in a practical circuit.
The situation is opposite in the ZVT-PWM techniques, including the proposed one. At light load or high line, decreased causes decreased reverse-recovery current. The time period is therefore decreased while , mainly determined by and , is nearly constant. ZVS is easier to be maintained since the ZVT time is decreased. In other words, the proposed ZVT-PWM converter can be operated in wide line and load ranges as long as it has been designed for full load condition. The only restriction is the minimum duty cycle, which is limited by the ZVT time during turn on. Because of the limited minimum duty cycle, ZVT-PWM converters cannot be operated at very high-line voltage, which needs extremely short duty, as shown in Fig. 5 . However, for a well-designed circuit, such extreme short duty rarely happens. 
III. THE GENERAL ACTIVE SNUBBER CELL FOR PWM CONVERTERS
The concept of the boost ZVT-PWM converter can be extended to other switching converters. Due to the nature of different converters, two types of the active snubber cells are proposed to fit six basic switching converters. The one shown in Fig. 6(a) is for buck, buck-boost, Cúk, and Zeta converters, and the other one shown in Fig. 6(b) is for boost and Sepic converters. It can be seen that a shunt resonant network consists of resonant inductor , resonant capacitor , snubber capacitor , auxiliary switch , and auxiliary diode . The snubber capacitor also incorporates the parasitic capacitors of and . Circuit operation is similar if is placed in parallel with or . Energy is neither dissipated nor accumulated in the snubber cell, which was the major problem of the topology proposed in [10] . ZVT-PWM converters as shown in Fig. 7 are easily obtained by attaching the active snubber cells to the conventional PWM converters.
IV. DESIGN PROCEDURE
Since design of the conventional PWM converters has been well presented in literature, it is more significant to focus on design procedures of the active snubber cell. The resonant inductor, snubber capacitor, and resonant capacitor are the most important components when designing the active snubber cell. The resonant inductor and snubber capacitor are designed to provide soft turn on and turn off of the semiconductor devices while the resonant capacitor is designed to temporarily store the absorbed energy to be delivered to the output.
A. Resonant Inductor
The resonant inductor value can be obtained by determining how fast the main diode can be turned off. However, it is difficult to calculate accurately because the recovery characteristics vary for different diodes. A widely adopted estimate is to allow the resonant inductor current to ramp up to the diode current within three times of the diode's reverse-recovery time [14] , [15] .
The radius of winding wire can be determined by the resonant inductor peak current shown in (13) . The resonant inductor design is limited by the core loss instead of the saturating flux density due to the high-ac flux density and the relatively high-operating frequency. High-frequency response and low-core loss materials such as molly-permalloy powder (MPP) are appropriate. However, a voltage spike of the auxiliary switch caused by the resonant ringing at turn off tends to be induced by low-core loss materials. Slightly higher core loss materials, such as the cheaper Magnetics Kool Mu material, can also be used to vanquish the voltage spike. Another approach for a boost-type circuit is to clamp the voltage across by placing an additional diode as shown in Fig. 8 [12] . The drawbacks are that the additional diode increases the circuit cost and its parasitic capacitance increases the switching loss when the auxiliary switch turns on. Since this approach increases the circuit cost while still brings lossy mechanisms, it is not adopted in the proposed active snubber cell.
B. Snubber Capacitor
The snubber capacitor is designed to control of the drain-source voltage of the main switch. When the main switch turns off, it provides an alternative path for the main inductor current to reduce switching losses and EMI noises. High-frequency response capacitors with low equivalent series resistance (ESR) and equivalent series inductance (ESL), such as polypropylene films, are required. Since the snubber capacitor incorporates the output capacitance of the main switch and the main diode, the exact capacitance value selected will be affected by the semiconductor devices employed.
C. Resonant Capacitor
To ensure complete discharge of the snubber capacitor, the basic requirement is that the resonant capacitor selected should be larger than the snubber capacitor. Since the resonant capacitor and resonant inductor dominate the ZVT time of the snubber cell, a large resonant capacitor results in a long ZVT time. It increases the minimum duty cycle and conduction losses. However, a small resonant capacitor induces a high voltage across it. It increases the voltage stress of diode and tends to induce a voltage spike on the auxiliary switch especially when the reverse-recovery characteristic of is poor. It is not recommended to select such a small resonant capacitor which results in high-voltage stress of and a voltage spike of .
D. Auxiliary Switch and Diode
The voltage stress of the auxiliary diode is increased to , and the current stress of the auxiliary switch is increased to the peak resonant inductor current. Since the short duty cycles of the auxiliary components make the conduction losses comparatively low, the auxiliary semiconductor devices selected can be smaller than the original ones [13] . Thus, an auxiliary switch with smaller parasitic capacitance can be utilized and turn-on loss of the auxiliary switch is smaller. 
V. EXPERIMENTAL RESULTS
A prototype of a 750-W 80-kHz ZVT-PWM boost converter, as shown in Fig. 9 , has been built to verify the principle of operation and the theoretical analysis. This converter is regulated at 200-V dc input and 400-V dc output. For comparison, a hard-switching boost converter with the same specifications is also built. The efficiency of these two circuits is shown in Fig. 10 under different loadings. The maximum efficiency measured reaches 95% at 600-W output. Key experimental waveforms of the ZVT-PWM boost converter are shown in Figs. 11-13 . It can be seen that the waveforms agree well with the predicted ones shown in Fig. 3 . Snubber operation analysis is guaranteed valid. Oscillograms of commutations of the MOSFET and power diode of the hard-switching converter are also shown in Fig. 14 . It is easily seen that soft switching applies to not only the main switch and the main diode , but also to the auxiliary switch and the auxiliary diode , compared with the hard-switching counterpart. Fig. 12 (a) shows that the main switch commutates at ZVS turn on and turn off since all three nonideal commutation phenomena are eliminated by the active snubber cell. Fig. 12(b) shows that the auxiliary switch commutates at ZVS turn off and near ZCS turn on. The reason that can only commutate near ZCS turn on is because of the discharge of the parasitic drain-source capacitance. However, since the reverse-recovery current is restricted by , only a little switching loss is generated when turns on. It can also be seen from Fig. 13 (a) and (b) that the main diode and the auxiliary diode are also commutated at ZVS turn on and turn off.
The penalty for applying soft switching to all semiconductor devices is the turn-on current spike of the main switch . It sometimes increases the current stress of . Although the current spike is approximately twice that of the main inductor current during turn on, it has been shown that the increment of current stress of can be reduced to only 33.3% of the average main inductor current with a properly selected main inductor . It is noticed from Fig. 12(a) that the current spike of in the experimental circuit is approximately 67% more than the average main inductor current. This can be further reduced if a smaller main inductor value is selected. Figs. 15 and 16 are the total EMI noises measured from 10 kHz to 30 MHz of the proposed ZVT-PWM boost converter and the hard-switching boost converter, respectively. Peak values of EMI noises of these two circuits both appear around 80 kHz, which is the adopted switching frequency. Measured noise spikes also appear at multiples of the switching frequency in both circuits. It can be seen that the noise at the switching frequency of the ZVT-PWM converter is approximately 6 dB lower than that of the hard-switching one.
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The reduction of the EMI noise should be owed to the active snubber embedded. What is also interesting is that the noise below the switching frequency of the ZVT-PWM converter is slightly higher than that of the hard-switching one. However, since the noise standards, such as VDE-0871/B, are always looser at lower frequency, the increment of noise at low frequency is tolerable.
VI. CONCLUSION
In this paper, a general active snubber cell is proposed to contrive novel ZVT-PWM converters. To exhaustively eliminate switching losses and EMI noises, soft switching is applied to all semiconductor devices in the ZVT-PWM converters. Ideally, except that suffers from discharge of parasitic drain-source capacitance during turn on, no switching loss is generated. Constant-switching frequency eases the design optimization of EMI filters and control circuits. Wide line and load ranges are also achieved since ZVS and ZCS are easily maintained at not only heavy load and low line, but also at light load and high line. An 80-kHz 750-W ZVT-PWM boost prototype regulated at 200-V dc input and 400-V dc output was built to experimentally verify the analysis. It is experimentally shown that the proposed active snubber cell can be successfully applied to the PWM converters for improving switching transients.
